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Vascular calcification is recognized as an independent pre-
dictor of cardiovascular mortality, particularly in subjects
with chronic kidney disease. However, the pathways by which
dysregulation of lipid and mineral metabolism simultane-
ously occur in this particular population remain unclear. We
have shown that activation of the farnesoid X receptor (FXR)
blocks mineralization of bovine calcifying vascular cells
(CVCs) and in ApoE knock-out mice with 5/6 nephrectomy.
In contrast to FXR, this study showed that liver X receptor
(LXR) activation by LXR agonists and adenovirus-mediated
LXR overexpression by VP16-LXR� and VP16-LXR� accel-
erated mineralization of CVCs. Conversely, LXR inhibition
by dominant negative (DN) forms of LXR� and LXR�

reduced calcium content in CVCs. The regulation of miner-
alization by FXR and LXR agonists was highly correlated with
changes in lipid accumulation, fatty acid synthesis, and the
expression of sterol regulatory element binding protein-1
(SREBP-1). The rate of lipogenesis in CVCs through the
SREBP-1c dependent pathway was reduced by FXR activa-
tion, but increased by LXR activation. SREBP-1c overexpres-
sion augmented mineralization in CVCs, whereas SREBP-1c
DN inhibited alkaline phosphatase activity and mineraliza-
tion induced by LXR agonists. LXR and SREBP-1c activations
increased, whereas FXR activation decreased, saturated and
monounsaturated fatty acids derived from lipogenesis. In
addition, we found that stearate markedly promoted miner-
alization of CVCs as compared with other fatty acids. Fur-
thermore, inhibition of either acetyl-CoA carboxylase or
acyl-CoA synthetase reduced mineralization of CVCs,
whereas inhibition of stearoyl-CoA desaturase induced min-
eralization. Therefore, a stearate metabolite derived from
lipogenesis might be a risk factor for the development of vas-
cular calcification.

Saturated fatty acids have often been implicated in the pro-
motion of cardiovascular diseases. Dietary intake and de novo
lipogenesis are the two major sources of saturated fatty acids.
Stearate is one of themost abundant saturated fatty acids in the
Western diet (1). Apart from dietary sources, stearate is also
endogenously synthesized from acetyl-CoAmolecules.De novo
lipogenesis is a highly regulated process controlled by a number
of nutrients and hormones. Although higher rates of lipogene-
sis occur in liver and adipose tissues, thede novo lipogenic path-
way is present in all types of mammalian cells. In this pathway,
acetyl-CoA carboxylase (ACC)2 catalyzes the irreversible con-
version of the two-carbon acetyl-CoA to the three-carbon
intermediate, malonyl-CoA. Malonyl-CoA then serves as the
precursor for the endogenous synthesis of fatty acids via the
fatty acid synthase (FAS)multi-enzyme complex. FAS catalyzes
seven cycles of sequential condensation, reduction, and dehy-
dration reactions to form the 16-carbon saturated fatty acid,
palmitate (16:0). Further elongation generally occurs through
the actions of microsomal elongases to form stearate (18:0)
(2–4).
Vascular calcification is an active cell-mediated process that

drives vascular smooth muscle cells to become osteoblast-like
cells, and is a major cause of death in patients with chronic
kidney disease (CKD) (5, 6). Vascular calcification participates
in the formation of atherosclerotic lesions. Previously, vascular
calcification was considered a passive and degenerative process
causing precipitation of calcium and phosphate, without bio-
logical regulation. Vascular calcification is now recognized as
the consequence of an actively regulated trans-differentiation
of vascular smooth muscle cells into osteoblast-like cells, simi-
lar to embryonic bone formation. In addition to phosphate,
inflammatory cytokines, and oxidative stress, several in vitro
and clinical studies have shown lipids to play a crucial role in the
pathogenesis of vascular calcification. Lipid-lowering drugs
including statins are in fact effective in reducing vascular calci-
fication in several clinical trials (7–9). In vascular calcification,
n-3 unsaturated fatty acids play a protective role through a p38-
MAPK (mitogen-activated protein kinase)-dependent mecha-
nism, whereas oxidized lipids such as oxysterols and oxidized
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phospholipids elicit procalcific effects in vascular cells. In addi-
tion, we previously reported that lipid and calcium accumula-
tion simultaneously occurs during osteogenic differentiation of
vascular cells. However, which lipids and by what mechanism
lipids cause vascular calcification were not well understood.
Whether saturated fatty acids are risk factors in vascular calci-
fication was also heretofore unknown.
A number of transcription factors exert regulatory control

over de novo lipogenesis, particularly in the liver. Liver X recep-
tor (LXR) is an oxysterol nuclear receptor that regulates cho-
lesterol, glucose, and fatty acid metabolism. There are two iso-
forms of LXR in humans, LXR� and LXR�. LXR� (NR1H3) is
mostly expressed in liver, intestine and kidney; whereas LXR�
(NR1H2) is ubiquitously expressed (10). Many recent studies
using synthetic agonists and knock-out mice have demon-
strated that LXR activation elicits anti-atherogenic effects by
increasing reverse cholesterol transport, reducing intestinal
cholesterol absorption and decreasing inflammation (11–14).
Unfortunately, LXR activation also exhibits undesirable effects
that cause hypertriglyceridemia and liver steatosis via induc-
tion of hepatic de novo lipogenesis (15, 16). LXR activates the
transcription of lipogenic genes such as fatty acid synthase
(FAS), acetyl CoA carboxylase (ACC), and stearoyl-CoA
desaturase-1 (SCD-1) (15). Currently, three independent path-
ways have been shown to contribute to LXR-mediated induc-
tion of lipogenesis: 1) LXR directly activates the expression of
lipogenic genes such as FAS, ACC, and SCD-1 through LXR
response elements in their promoters (17–19), 2) LXR induces
sterol regulatory element binding protein (SREBP)-1c, amaster
transcription factor, which in turn induces lipogenic gene
expression (20, 21), and 3) LXR induces carbohydrate response
element binding protein (ChREBP), a glucose-sensitive tran-
scription factor that activates lipogenic gene expression (22).
The induction of these pathways by LXR activation synergisti-
cally enhances hepatic fatty acid and triglyceride synthesis (22).
Another adverse effect of LXR activation by its agonists
(T0901317 and GW3965) is the augmentation of vascular cal-
cification induced by the PKA pathway in murine aortic cells
(23). Oxysterols also promote mineralization in vascular cells.
However, the precise mechanism underlying the pro-calcific
effects of LXR agonists and whether the pro-lipogenic effects
and pro-calcific effects are linked have not been studied.
Farnesoid X receptor (FXR) is a bile acid nuclear receptor

that controls lipid and carbohydratemetabolism (24). Although
rodents express two isoforms of FXR (FXR� and FXR�),
humans only express one isoform-FXR� (25). Although it is
widely known that FXR� is highly expressed in the liver, kidney,
and intestines, it is less known that FXR� is also expressed in
the vasculature such as in vascular smoothmuscle cells (10, 26).
Recently, we reported that FXR plays an important role in reg-
ulation of vascular calcification. FXR activation by the synthetic
FXR ligand INT-747 and by adenovirus-mediated VP16-FXR
overexpression blocked mineralization and lipid accumulation
of bovine calcifying vascular cells (CVCs) in response to phos-
phate. In addition, treatment with INT-747 inhibited vascular
calcification in ApoE knock-out (KO) mice with CKD (27). In
contrast to LXR, SREBP-1c, and ChREBP, FXR is a major neg-

ative regulator of hepatic fatty acid biosynthesis, which ismedi-
ated in a SHP-SREBP-1c-dependent manner (28, 29).
In this study, we have addressed three topics: 1) whether FXR

decreases and LXR induces lipogenesis through direct and
SREBP-1-dependent pathways in vascular cells, 2) whether
modification in the lipogenic pathway affects vascular calcifica-
tion in CVCs, and 3) which fatty acids derived from de novo
lipogenesis play a major role in the regulation of vascular
calcification.

EXPERIMENTAL PROCEDURES

Cell Culture Studies—Bovine calcifying vascular cells (CVCs)
were cultured in DMEM containing 15% FBS with either 1.0
mM phosphate (normal phosphate concentration) or 2.0–2.3
mM phosphate (high phosphate concentration). CVCs were
treated with 6�-ethyl-chenodeoxycholic acid (INT-747, Inter-
cept Pharmaceuticals Inc., NY), T0901317, 5-(tetradecyloxy)-
2-furoic acid (TOFA), CAY10566 (Cayman Chemical),
GW3965 (Sigma), triacsin C (Enzo Life Sciences), and free fatty
acid-BSA complexes. The fatty acid-BSA complexes were gen-
erated as previously described (30). The medium was changed

FIGURE 1. LXR agonists induce mineralization and triglyceride accumula-
tion in CVCs under high phosphate conditions. CVCs were treated with
various concentrations of GW3965 and T0901317 for 14 days in the presence
of high phosphate conditions (2.3 mM). A, Alizarin Red staining. B, calcium
content. C, ALP mRNA. D, ALP activity. E, TG content. **, p � 0.001 versus
vehicle with 2.3 mM phosphate. Data represent the mean � S.E.
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every 2–3 days. Fourteen days after reaching confluence, the
cells were stainedwithAlizarin Red to identify calciumdeposits
(27).
CalciumContent inCulturedCells andAorta—Calciumdep-

osition in the plates was quantified as previously described.
Cells were decalcified using a 0.6 M HCl solution. After collect-
ing the supernatant, the cells were washed with PBS and solu-
bilized with a 0.1 N NaOH/0.1% SDS solution for protein quan-
tification. The calcium content was quantified calorimetrically
using the o-cresolphthalein method. The protein content was
measured using a BCA protein assay kit (27).
RNA Analysis—Total RNA was isolated using Tri reagent in

conjunction with an RNAeasy kit. Real-time quantitative PCR
assays were performed by using an Applied Biosystems
StepOne qPCR instrument. In brief, 1 �g of total RNA was
reverse transcribed with random hexamers by using the High
Quality Reverse Transcription Reagents kit (Applied Biosys-
tems). Each amplification mixture (10 �l) contained 25 ng
cDNA, 900 nM forward primer, 900 nM reverse primer, and 5�l
of Universal Fast PCRMaster Mix. Primer sequences are avail-
able upon request (27).
Adenoviral Transduction for CVCs—Cells were infectedwith

recombinant adenoviruses at a multiplicity of infection (MOI)
of 40, unless otherwise indicated. Adenoviruses expressing
VP16-FXR, the active form of SREBP-1c (Addgene), SREBP-1c
dominant (DN) negative form (31) (Addgene) VP16-LXR�,
VP16-LXR�, LXR� DN, and LXR� DN were generated using
the ViraPower Adenovirus Expression System (Invitrogen).
The VP16 domain was incorporated into the N terminus of the
proteins. LXR�DNandLXR�DNwere generated as previously
described (32). CVCs were infected with adenovirus in DMEM
with 15% FBS. After 12–24 h, the infected cells were treated
with media containing 2.0 mM phosphate.

Western Blotting—The cell lysates were prepared using RIPA
buffer (Cell Signaling). The samples were separated by SDS-
PAGE, transferred to a nitrocellulosemembrane, and immuno-
blotted with a SREBP-1 monoclonal antibody (BD Pharmin-
gen), FAS antibody (BD Pharmingen), ABCA1 (Novus), and
VP16 monoclonal antibody (Sigma). Samples were visualized
using horseradish peroxidase coupled to an anti-mouse sec-
ondary antibody, with enhancement by an ECL detection kit.
Lipid Composition—Cholesterol, fatty acids, and triglycer-

ides (TG) fromCVCswere analyzed using gas chromatography,
as previously described (33).
Lipid Synthesis Rate—To analyze the rates of fatty acid and

cholesterol synthesis, CVCs were treated with 500 �M [14C]ac-
etate (0.5 �Ci) or 100 �M [14C]stearate-BSA for 6 h. Fatty acids
and cholesterol were saponified using sodium hydroxide and
separated with thin layer chromatography. The radioactivity
fatty acid and cholesterol fractions was measured by a liquid
scintillation counter (34).
Alkaline Phosphatase (ALP) Activity—ALP activity was

measured using p-nitrophenyl phosphate as the substrate (23).
Statistical Analysis—Data were collected from more than

three independent experiments and were reported as the
means � S.E. Statistical analysis was performed using the Stu-
dent’s t test, and significance was accepted at p � 0.05.

RESULTS

LXR Activation Accelerates Phosphate-induced Mineraliza-
tion and Triglyceride Accumulation in CVCs—To examine
whether LXR activation influences phosphate-induced miner-
alization and osteogenic differentiation of CVCs, CVCs were
treated with two synthetic LXR agonists, T0901317 (T090) and
GW3965, under high phosphate conditions. Alizarin Red stain-
ing showed that treatment of CVCs with either LXR agonist

FIGURE 2. Adenovirus-mediated VP16-LXR� and VP16-LXR� overexpression accelerate mineralization and triglyceride accumulation, whereas
LXR�DN and LXR�DN ameliorate these effects in CVCs under high phosphate. CVCs were treated with adenoviruses at an MOI of either 20 or 40. After 12 h
of adenovirus treatment, the medium was replaced with DMEM containing 15% FBS and 2.0 mM phosphate for 10 days. A, Alizarin Red staining. B, calcium
content. C, TG content. D, ALP and COL1A1 mRNA. **, p � 0.001 versus Ad-empty with 2.0 mM phosphate. Data represent the mean � S.E.
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induced mineralization of CVCs in a dose-dependent manner
similar to PKA- induced mineralization (23) (Fig. 1, A and B).
GW3965 and T090 at the 3 �M concentration consistently
increased calcium content by 2.1-fold and 3.8-fold, respectively
(Fig. 1B). GW3965 and T090 treatments also increased ALP
mRNA by 1.8-fold and 3.4-fold (Fig. 1C), and increased ALP
activity by 1.7-fold and 3.0-fold, respectively (Fig. 1D). Previ-
ously, we reported that triglyceride accumulation occurs simul-

taneously with mineralization in CVCs treated with high phos-
phate conditions (27). Therefore, we now examined whether
LXR activation increases lipid accumulation in CVCs. We
found that CVCs treated with LXR agonists had a significant
increase in triglyceride content (Fig. 1E), but not in cholesterol
content (data not shown). At a 3 �M concentration, GW3965
and T090 treatments increased triglyceride content by 2.2-fold
and 2.9-fold, respectively. To determine whether LXR� or

FIGURE 3. LXR activation by LXR agonists and adenoviruses expressing VP16-LXRs induces de novo lipogenesis in CVCs whereas LXR� DN and LXR�
DN reduce it. A, rate of fatty acid synthesis. CVCs were treated with different concentration of GW3965 and T0901317 for 10 days in the presence of high (2.0
mM) phosphate. After 10 days of treatment, CVCs were treated with DMEM containing 0.5 mM [14C]acetate (0.5 �Ci) for 6 h. Lipids were extracted, saponified,
and separated by TLC. The radioactivity in the fatty acid fractions was analyzed with LSC. **, p � 0.001 versus vehicle treatment. B, SREBP-1 and the target genes
in CVCs treated with LXR agonists. C, rate of fatty acid synthesis. CVCs were treated with adenoviruses expressing either VP16-LXRs or LXR DNs for 10 days in the
presence of high phosphate (2.0 mM). After 10 days of treatment, CVCs were treated with DMEM containing 0.5 mM [14C]acetate (0.5 �Ci) for 6 h. Lipids were
extracted, saponified, and separated by TLC. Radioactivity in the fatty acid fractions was analyzed with LSC. **, p � 0.001 versus ad-empty treatment. D, SREBP-1
and the target genes in CVCs overexpressing VP16-LXRs and LXR DNs. E, SREBP-1 protein in CVCs treated with T090. After 10 days of treatment, total protein was
extracted with RIPA buffer containing protease inhibitors and subjected to Western blot analysis with the SREBP-1 monoclonal antibody. pSREBP-1: precursor
form of SREBP-1; nSREBP-1: nuclear form of SREBP-1. F, VP16-LXRs, SREBP-1, FAS, and ABC1A1 protein expression in CVCs treated with adenovirus expressing
VP16-LXRs. Data represent the mean � S.E.
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LXR� activation contributes to mineralization and triglyceride
accumulation ofCVCs under high phosphate conditions, CVCs
were treated with adenoviruses (Ad) expressing either VP16-
LXR� or VP16-LXR�. Remarkably, both VP16-LXR� and
VP16-LXR� overexpression induced mineralization, as
assessed by Alizarin red staining (Fig. 2A). At a MOI of 40,
calcium content increased by 12-fold and 10.7-fold (Fig. 2B)
and triglyceride content increased by 2.2-fold and 2.3-fold (Fig.
2C) in CVCs treated with Ad-VP16-LXR� and Ad-VP16-
LXR�, respectively. VP16-LXR� and VP16-LXR� significantly
induced the expression of ALP and type I collagen (COL1A1)
mRNA (Fig. 2D). In contrast to LXR activation, inhibition using
dominant negative forms (DN) of both LXR� and LXR�
reducedmineralization of CVCs by 51 and 79% and triglyceride
accumulation by 54 and 64%, respectively under high phos-
phate conditions (Fig. 2, B and C). LacZ expression did not
affect the mineralization of CVCs (Fig. 2B).
LXR Activation Induces de Novo Lipogenesis Whereas FXR

Activation Inhibits It—Because LXR activation is known to
induce hepatic de novo lipogenesis, we reasoned that the acti-
vation of lipogenesis in CVCs would increase concentrations of
saturated and monounsaturated fatty acids. To examine this
hypothesis, we measured the rates of fatty acid and cholesterol
synthesis using [14C]acetate. Similar to previous observations
of the liver, CVCs treated with GW3965 and T090 compounds
exhibited a 2.4-fold and 3.3-fold increase, respectively, in the
rate of fatty acid synthesis compared with CVCs treated with
the vehicle control (Fig. 3A). Ad-VP16-LXR� and VP16-LXR�
treatment increased the rate of fatty acid synthesis by 2.1-fold
and 1.7-fold, respectively (Fig. 3C) compared with Ad-empty
and Ad-LacZ treatment. LXR activation by agonists and VP16-
LXRs also increased the rate of cholesterol synthesis (data not
shown). The inhibition of LXRby either LXR�DNorLXR�DN
reduced the rate of fatty acid synthesis (Fig. 3C). Consistent
with the increased rate of de novo lipogenesis, mRNAs coding
for lipogenic enzymes including FAS and SCD1 were induced
by T090 and GW3965 treatment in a dose-dependent manner
(Fig. 3B). LXR activation also induced mRNA expression
encoding SREBP-1 but not ChREBP (Table 1 and 2), which are
major transcription factors in the regulation of lipogenic genes
(Fig. 3B and Table 1). Consistently, the precursor and mature
forms of SREBP-1 proteins were increased in CVCs treated
with T090 andVP16-LXR� and� (Fig. 3, E and F). As expected,
T090 and GW3965 treatments dramatically induced the
expression of ABC transporters ABCA1 and ABCG1 (Table 1).
Similar to LXR agonist treatment, Ad-VP16-LXR� and
Ad-VP16-LXR� treatments induced SREBP-1, its target genes
(ACC1, FAS, and SCD1) and ABC transporters (ABCA1 and
ABCG1) compared with the control treatments such as Ad-
empty and Ad-LacZ (Table 2). FAS and ABCA1 protein levels
were also higher in CVCs treated with Ad-VP16-LXR� and
Ad-VP16-LXR� (Fig. 3F), although the effect of VP16-LXR�
was stronger than that of VP16-LXR�. In contrast to LXR acti-
vation, LXR inhibition by the dominant negative forms of LXR
reducedmRNA levels forABC transporters and lipogenic genes
(Table 2).
We also analyzed the levels of mRNA encoding proteins

involved in vascular calcification. Interestingly, levels of mRNA

coding for vitamin K-dependent proteins were reduced by
more than 50% inCVCs treatedwithGW3965 andT090. These
vitamin K-dependent proteins including osteocalcin (OCL),
matrix �-carboxyglutamic acid protein (MGP), and osteopon-
tin (OPN) are potent inhibitors of vascular calcification. At a 3
�M concentration, T090 was able to reduced OPN, MGP and
OCL mRNA levels by more than 80% (Table 1). VP16-LXR�
and VP16-LXR� also reduced OPN, MGP, and OCL mRNA
levels (Table 2). LXR activation induced expression of the
sodium-phosphate cotransporter Pit1 and transglutaminases
TGM1, TGM2, and TGM5, but not TGM3 (Table 1).
We have previously found that FXR activation inhibits min-

eralization and osteogenic differentiation of CVCs as well as
vascular calcification inApoE�/�micewith chronic kidney dis-
ease (27). Consistent with our previous report, FXR activation
by INT-747 (a synthetic agonist of FXR) and VP16-FXR

TABLE 1
Relative amounts of mRNAs in CVCs treated with LXR agonists
CVCs were treated with LXR agonists for 14 days, and the medium was changed
every two days. Changes in gene expression are reported as ratios relative to the
vehicle control (n � 6). Bold type indicates statistical significance (p � 0.05 vs.
vehicle). Standard errors of the mean were omitted for clarity.

Vehicle GW3965 GW3965 T090 T090

0.3 �M 3.0 �M 0.3 �M 3.0 �M

ABCA1 1.00 14.85 21.41 26.66 48.21
ABCG1 NDa 52.45 141.73 210.34 275.05
ALP 1.00 1.32 1.94 1.81 3.43
Msx2 1.00 0.85 1.28 1.28 1.46
Runx2 1.00 0.84 0.85 0.86 0.90
Osx 1.00 1.09 1.07 1.12 1.29
MGP 1.00 0.19 0.21 0.18 0.07
OCL 1.00 0.43 0.47 0.25 0.09
OPN 1.00 0.52 0.31 0.39 0.18
OPG 1.00 0.88 0.82 1.09 1.85
Pit1 1.00 1.05 1.64 1.34 2.20
Pit2 1.00 0.92 1.03 1.01 1.20
Tgm1 1.00 2.26 2.57 3.59 6.20
Tgm2 1.00 1.20 1.33 1.41 12.34
Tgm3 1.00 0.97 1.02 1.11 1.35
Tgm5 1.00 1.34 3.19 6.43 18.18
SREBP-1 1.00 2.98 3.77 3.26 7.59
FAS 1.00 2.15 2.63 1.83 3.99
SCD-1 1.00 1.21 1.51 1.53 2.64
ChREBP 1.00 0.98 0.83 1.02 0.94

aNot detected—ABCG was not detectable in CVCs treated with the vehicle
control.

TABLE 2
Relative amounts of mRNAs in CVCs treated with adenoviruses
expressing either VP16-LXRs or LXR DNs
Changes in gene expression are reported as ratios relative to Ad-empty. Bold type
indicates statistical significance (p � 0.05 vs. vehicle). Standard errors of the mean
were omitted for clarity.

Empty LacZ VP16-LXR� VP16-LXR� LXR� DN LXR� DN

MOI 40 40 40 40 40 40
ABCA1 1.00 1.44 7.62 8.59 0.52 0.61
ABCG1 NDa ND 453.51 52.40 ND ND
ALP 1.00 1.20 2.94 2.65 0.65 0.56
COL1A1 1.00 0.99 1.76 2.26 0.67 0.59
Msx2 1.00 1.19 1.44 2.46 1.28 1.08
Runx2 1.00 1.00 0.92 0.93 0.59 0.74
MGP 1.00 1.12 0.54 0.61 1.16 0.95
OCL 1.00 1.07 0.58 0.66 0.99 1.08
OPN 1.00 1.12 0.6 0.58 1.23 1.33
SREBP-1 1.00 0.82 1.80 2.10 0.57 0.65
SREBP-2 1.00 0.99 1.27 1.47 0.95 1.27
ACC1 1.00 1.18 2.72 4.14 0.74 0.61
FAS 1.00 1.13 5.47 7.32 0.39 0.59
SCD-1 1.00 1.08 4.60 4.03 0.54 0.55
ChREBP 1.00 1.59 1.18 1.29 0.97 1.07

a Not detected—ABCG was not detectable in CVCs treated with Ad-empty, Ad-
LacZ, and Ad-LXR DNs.
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decreased calcium content in CVCs by 72 and 63%, respectively
(Fig. 4A). The triglyceride content of CVCs was also signifi-
cantly reduced by 61 and 48% in CVCs treated with INT-747
and VP16-FXR, respectively (Fig. 4B). INT-747 and VP16-FXR
decreased the rate of fatty acid synthesis by 38 and 46%, respec-
tively, but did not decrease cholesterol synthesis (Fig. 4, C and
D). Consistent with the decreased lipogenic rate, the mRNA
levels of SREBP-1, FAS, and ACC-1 were significantly de-
creased by INT-747 (Fig. 4E) and by the adenovirus expressing
VP16-FXR (Fig. 4F).

LXR Activation Increases whereas FXR Activation Decreases
Saturated and Monounsaturated Fatty Acids in CVCs—T090
treatment time-dependently increased the levels of saturated
andmonounsaturated fatty acids palmitate (16:0), palmitoleate
[16:1(n-7)], stearate (18:0), oleate [18:1(n-9)], and vaccenate
[18:1(n-7)] but not polyunsaturated fatty acids such as linoleate
(18:2), linolenate (18:3), arachidonate (20:4), and docosa-
hexaenate (22:6) as compared with vehicle treatment. After 14
days of treatment with T090, there was an increase in 16:0,
16:1(n-7), 18:0, 18:1(n-9), and 18:1(n-7) by 3.0-, 8.7-, 3.5-, 2.7-,

FIGURE 4. FXR activation by FXR agonist and VP16-FXR reduces mineralization and triglyceride accumulation by reducing SREBP-1 expression and de
novo lipogenesis. CVCs were treated with INT-747 (3 �M) and adenovirus expressing VP16-FXR for 14 days in the presence of high (2.0 mM) phosphate.
A, calcium content. B, triglyceride content. C and D, rates of fatty acid and cholesterol synthesis. After 10 days of treatment, CVCs were treated with
DMEM containing 0.5 mM [14C]acetate (0.5 �Ci) for 6 h. Lipids were extracted, saponified, and separated by TLC. Radioactivity in the fatty acid fraction
was analyzed with LSC. E, mRNA levels. Data represent the mean � S.E. **, p � 0.001 versus vehicle with 2.0 mM phosphate; ##, p � 0.001 versus Ad-empty
treatment (Empty).
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and 4.7-fold, respectively (Fig. 5, A and B). Similar to T090
treatment, treatment with Ad-VP16-LXR� and Ad-VP16-
LXR� increased those fatty acids derived from de novo lipogen-
esis (Fig. 5C). The saturated fatty acids (16:0 and 18:0) were the
major fatty acids in differentiated CVCs. In contrast to LXR
activation, FXR activation by INT-747 and Ad-VP16-FXR
treatment significantly decreased the concentrations of 16:0,
16:1(n-7), 18:0, 18:1(n-9), and 18:1(n-7) (Fig. 5D).
SREBP-1 Activation Increases Mineralization and ALP

Expression in CVCs—Because SREBP-1 and lipid levels are
associated with mineralization of CVCs by LXR activation, we
next examinedwhether the activation of SREBP-1, and the sub-
sequently induced lipogenesis, accelerates mineralization and
osteogenic differentiation of CVCs using an adenovirus ex-
pressing an active form of SREBP-1c (Ad-nSREBP-1c). CVCs
treatedwithAd-nSREBP-1c showed a dose-dependent increase
in SREBP-1 mRNA and protein (Fig. 6A). Active SREBP-1c
overexpression increased calcium content in a dose-dependent
manner. At a MOI of 40, the treatment of CVCs with
Ad-nSREBP-1c for 14 days increased calcium content and ALP
mRNAby 2.9-fold and 4.6-fold, respectively comparedwith the
treatment with control adenovirus. In addition, SREBP-1 dom-
inant negative partially reduced mineralization of CVCs in-
duced by T090 treatment.

SREBP-1Activation Increases the Rate of deNovo Lipogenesis,
Lipogenic Gene Expression, the Levels of Triglyceride and Fatty
Acids Derived from Lipogenesis—The treatment with Ad-
nSREBP-1c increased triglyceride and cholesterol levels by 3.8-
fold and 1.8-fold, respectively comparedwith the empty adeno-
virus (Fig. 7A). The rates of fatty acid and cholesterol synthesis
were also significantly increased by 4.5-fold and 3.5-fold,
respectively, in CVCs treated with Ad-nSREBP-1c (Fig. 7B).
Consistent with increased de novo lipogenesis, SREBP-1, SCD1,
FAS, andACC1were induced by 4.2-fold, 7.0-fold, and 5.9-fold,
respectively (Fig. 7C). In addition, the concentrations of satu-
rated and monounsaturated fatty acids such as 16:0, 16:1(n-7),
18:0, 18:1(n-9), and 18:1(n-7) were increased by nSREBP-1c
overexpression (Fig. 7D).
Stearate Induces Mineralization of CVCs—Because in-

creased de novo lipogenesis is positively correlated with
increased mineralization by LXR and SREBP-1 activation, we
next examined which fatty acid from de novo lipogenesis most
induced mineralization of CVCs. We treated CVCs with major
fatty acids derived from de novo lipogenesis including palmitate
(16:0), palmioleate [16:1(n-7)], stearate (18:0), oleate [18:1(n-
9)], and vaccenate [18:1(n-7)] at 100 �M, respectively. As a
group, these fatty acids showed distinct effects on the mineral-
ization of CVCs. As shown in Fig. 8A, saturated fatty acids

FIGURE 5. LXR activation increases saturated and monounsaturated fatty acids whereas FXR activation reduces it. CVCs were treated with T090 (3 �M),
INT-747 (3 �M), and adenovirus expressing VP16-LXRs or VP16-FXR for 14 days in the presence of high (2.0 mM) phosphate. Fatty acid levels were analyzed with
gas chromatography. A, fatty acid levels in CVCs treated with T090 for 14 days. B, time course of fatty acid changes by T090 treatment. C, fatty acid levels in CVCs
treated with an adenovirus expressing either VP16-LXR� or VP16-LXR�. D, fatty acid levels in CVCs treated with either INT-747 at 3 �M or an adenovirus
expressing VP16-FXR. CVCs were treated with adenoviruses at a MOI of 40. After 12 h of adenovirus treatment, the media was replaced with DMEM containing
15% FBS and 2.0 mM phosphate for 14 days. *, p � 0.01 versus vehicle treatment; #, p � 0.01 versus Ad-empty treatment (Empty).
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palmitate (16:0) and stearate (18:0) significantly increased cal-
cium content. In particular, stearate was very potent at induc-
ing mineralization and increased calcium content in a dose-de-
pendent manner (Fig. 8B). At a 200 �M concentration, stearate
increased calcium content by 9.1-fold compared with control.
Oleate [18:1(n-9)] had no effect onmineralization, whereas pal-
mioleate [16:1(n-7)] and vaccenate [18:1(n-7)] significantly
reduced calcium levels in CVCs. In addition, stearate (18:0)
induced ALP mRNA and activity when compared with control
and oleate [18:1(n-9)] (Fig. 8C).
Modification of Stearate Metabolism Directly Affects Miner-

alization of CVC—We next examined whether modification of
stearate metabolism directly influences the mineralization of
CVCs. Treatment with TOFA (an ACC inhibitor) at 3 �M

decreased calcium content by 52% (Fig. 9A) in the presence of
T090 treatment. The inhibition of stearoyl-CoA desaturase
(SCD1) by CAY10566 (1 �M) accelerated mineralization of
CVCs induced by either T090 or stearate treatment, whereas
the treatment of CVCs with an adenovirus expressing SCD1
completely blockedmineralization (Fig. 9,A and B). CAY10566
treatment at 1 �M inhibited SCD activity by 97% (data not
shown). In addition, the inhibition of acyl-CoA synthetase by
triacsinC (5�M) completely blockedmineralization induced by
either T090 or stearate treatment (Fig. 9, A and B). Triacsin C

treatment at 5 �M inhibited triglyceride and cholesteryl ester
synthesis by 87 and 62%, respectively (data not shown).

DISCUSSION

Vascular calcification is a major cause of death in patients
with CKD (5, 35). The incidence of CKD has dramatically
increased in the past decades due to obesity and the diabetes
epidemic. Although a number of causative and inhibitory fac-
tors for vascular calcification have been identified, the precise
mechanism as well as an effective therapy for vascular calcifica-
tion have not been established. We previously reported that
FXR activation by the agonist INT-747 is highly effective in
preventing the development of vascular calcification in
ApoE�/� mice with CKD (5/6 nephrectomy) and in CVCs (a
cell culture model). During osteogenic differentiation, CVCs
accumulate not only minerals but also lipids such as triglycer-
ides. The inhibitory effect of FXR agonists is highly correlated
with decreased triglyceride content in vasculature (27). The
present study was therefore designed to examine the following
questions. 1) Where are accumulated lipids in CVCs derived
from? 2) Does increased lipogenesis accelerate vascular calcifi-
cation, and 3) which lipid(s) derived from de novo lipogenesis
induces vascular calcification? To examine these questions,
CVCswere treated with LXR agonists (T090 andGW3965) and

FIGURE 6. Active SREBP-1c overexpression augments mineralization of CVCs. CVCs were treated with adenovirus expressing an active form of SREBP-1c
(nSREBP-1c) at the indicated MOIs for 14 days. A, SREBP-1 mRNA and protein expression in CVCs treated Ad-nSREBP1c. B, calcium content in CVCs of adenovirus
expressing nSREBP-1. C, ALP mRNA. D, inhibition of SREBP-1c ameliorates LXR-activation-induced mineralization. CVCs were treated with an adenovirus
expressing a dominant negative form of SREBP-1c (SREBP-1c DN) at 40 MOI. After 12 h of adenovirus treatment, the media was replaced with DMEM containing
15% FBS and 2.0 mM phosphate � 3 �M T090 for 14 days. **, p � 0.01 versus Ad-empty treatment (Empty); #, p � 0.01 versus CVCs treated with Ad-empty and
3 �M T090.
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an FXR agonist (INT-747) in the presence of high phosphate
conditions. We found that T090 and GW3965 treatment
inducedmineralization of CVCs in response to high phosphate
conditions. ALPmRNA, ALP activity, and triglyceride concen-
tration were simultaneously increased by LXR agonist treat-
ment. In addition, we found that treatment with adenoviruses
expressing VP16-LXRs accelerated mineralization and lipid
accumulation of CVCs similar to LXR agonist treatment. Since
LXR activation induces hepatic lipogenesis, we hypothesized
that increased fatty acid synthesis contributes to increased tri-
glycerides content in CVCs treated with LXR agonists. In fact,
LXR agonist treatments dramatically increased the rate of fatty
acid synthesis and lipogenic gene expression, whereas the rate
of fatty acid synthesis and lipogenic gene expression were low-
ered by INT-747 and VP16-FXR in conjugation with the reduc-
tion of mineralization and triglyceride accumulation. There
were no significant differences in fatty acid oxidation and
uptake (data not shown), suggesting that de novo lipogenesis is
a major pathway for modulating triglyceride content in CVCs
under LXR and FXR activations.
LXR-induced hepatic lipogenesis is mediated through three

independent pathways: 1) a direct pathway in which LXR
directly induces the expression of lipogenic genes such as FAS,
SCD1, and ACC1, 2) an SREBP-1c-dependent pathway and 3) a
ChREBP-dependent pathway (18, 21, 22). In CVCs, LXR acti-
vation increased protein andmRNA levels of SREBP-1c but not
ChREBP.On the other hand, FXR activation is known to reduce

FIGURE 7. Active SREBP-1c increases triglyceride and fatty acid levels through the induction of lipogenesis. CVCs were treated with adenovirus express-
ing an active form of SREBP-1c (nSREBP-1c) at 40 MOI for 14 days. A, triglyceride and cholesterol levels in CVCs of adenovirus expressing nSREBP-1c. B, rates of
fatty acid (FA) and cholesterol (CHOL) synthesis. C, SREBP-1 and target gene mRNA. D, fatty acid levels. **, p � 0.001 versus CVCs treated with Ad-empty.

FIGURE 8. Stearate induces mineralization of CVCs. CVCs were treated with
a fatty acid-BSA complex for 14 days in the presence of high phosphate (2.0
mM). A, calcium content in CVCs treated with the indicated fatty acids at 100
�M. B, dose-dependent effects of stearate (18:0) on the mineralization of
CVCs. C, ALP expression induced by stearate (100 �M).
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hepatic lipogenesis by inhibiting SREBP-1c. The FXR agonist
and VP16-FXR treatment reduced expression of SREBP-1c and
its target genes (FAS, ACC, and SCD1) in CVCs just as in the
liver. These results suggest that alteration of lipogenesis in
CVCs is through direct LXR- and SREBP-1c-dependent path-
ways. Since both LXR� and LXR� are expressed in CVCs at
similar levels (data not shown), we have also examined whether
the LXR isoforms exhibit distinct effects on the mineralization,
lipogenesis, and triglyceride accumulation in CVCs. However,
LXR� and LXR� were found to have almost identical effects on
mineralization and lipid accumulation in CVCs. Both adenovi-
rus-mediated VP16-LXR� and VP16-LXR� overexpression
accelerated mineralization and lipid accumulation to a similar
extent. In addition, LXR� DN and LXR� DN equally reduced
mineralization, lipogenesis, and triglyceride accumulation of
CVCs.
Because alteration of SREBP-1c expression and lipogene-

sis were highly associated with the mineralization of CVCs,

we hypothesized that SREBP1c-mediated induction of lipo-
genesis accelerated mineralization of CVCs. Consistent with
our hypothesis, adenovirus-mediated SREBP-1c activation
enhanced mineralization and lipid accumulation in CVCs
under high phosphate conditions. As expected, SREBP-1c
overexpression induced lipogenesis in CVCs. Conversely,
either SREBP-1c inhibition by SREBP-1c DN or inhibition of
fatty acid synthesis by TOFA partially reduced mineralization
of CVCs in response to LXR activation and high phosphate
conditions, suggesting that inhibition of SREBP-1c-mediated
lipogenesis at least in part obviates the pro-calcific effect of LXR
agonists. Thus, we conclude that the lipogenic pathway modu-
lates mineralization and lipid accumulation of CVCs in
response to LXR activation.
Consistent with the alteration of lipogenesis and triglyceride

content in CVCs, LXR, FXR, and SREBP-1 activation changed
the content of saturated fatty acids (16:0 and 18:0) and mono-
unsaturated fatty acids [16:1(n-7), 18:1(n-9), and 18:1(n-7)] in

FIGURE 9. Stearate metabolism in vascular calcification. A, calcium content in CVCs treated with TOFA (3 �M, ACC inhibitor, CAY10566 (1 �M, SCD1 inhibitor),
adenovirus expressing SCD1 (Ad-SCD1, MOI 40), and triacsin C (5 �M, acyl-CoA synthetase inhibitor) for 10 days in the presence of T090 (5 �M) and high
phosphate (2.3 mM). B, calcium content in CVCs treated with CAY10566 (1 �M, SCD1 inhibitor), Adenovirus expressing SCD1 (Ad-SCD1, MOI 40) and triacsin C
(5 �M, acyl-CoA synthetase inhibitor) for 5 days in the presence of T090 (5 �M) and high phosphate (2.3 mM). C, proposed mechanism for the pro-calcific effect
of LXR activation and the anti-calcific effect of FXR activation.
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CVCs. Among the fatty acids that increased in response to de
novo lipogenesis, saturated fatty acids, particularly stearate
(18:0) but not monounsaturated fatty acids strongly and dose-
dependently induced mineralization and ALP expression (Fig.
8). Although palmitate also increased calcium content in CVCs
to a lesser extent, it might be due to increased stearate levels
through the elongation of palmitate. In addition, triacsin C
treatment completely blockedmineralization of CVC. The data
suggest that changes in stearate-CoA or its metabolite levels
control mineralization and osteogenic differentiation in vascu-
lar cells, through a mechanism yet to be determined. In a num-
ber of previous studies using cell culture systems, saturated
fatty acids have been shown to have lipotoxic effects via several
cell signaling pathways including 1) endoplasmic reticulum
stress (36, 37), 2) Toll-like receptor activation (38–41), 3) an
increase in reactive oxygen species (42, 43), 4) de novo ceramide
synthesis (44–46), 5) modification of mitochondrial structure
and function (44, 47), and 6) suppression of anti-apoptotic
components (46, 48). In addition, unsaturated fatty acid supple-
mentation has been known to block the lipotoxic effects of sat-
urated fatty acids. We found that n-7 monounsaturated fatty
acids (MUFAs) such as palmitoleate [16:1(n-7)] and vaccenate
[18:1(n-7)], but not oleate [18:1(n-9)], reduced mineralization
of CVCs in contrast to stearate. Palmitoleate has been proposed
to rescue endoplasmic reticulum stress (37). In addition, the
inhibition of MUFA synthesis by an SCD-specific inhibitor
(CAY10566) promoted vascular calcification induced by stea-
rate treatment or either LXR agonist, whereas adenovirus-me-
diated overexpression of SCD1 attenuated vascular calcifica-
tion. It would be interesting to elucidate which pathway is
involved in the pro-calcific effect of stearate and anti-calcific
effect of n-7 MUFAs, and which of their metabolites mediate
their effects.
There is another potential mechanism by which LXR activa-

tion might accelerate mineralization of CVCs. LXR activation
alters the expression of genes responsible for vascular calcifica-
tion. Treatmentwith LXRagonists increases positive regulators
of mineralization such as ALP, transglutaminases, and Pit-1,
whereas, it very strongly down-regulates the negative regula-
tors such as matrix �-carboxyglutamic acid protein (MGP),
osteocalcin (OCL), and osteopontin (OPN). Similar changes in
expression of these genes by LXR agonists have also been
reported previously (23). Although it is not known whether
LXR directly alters expression of those regulators, increased
expression of positive regulators and decreased expression of
negative regulators may also contribute to the pro-calcific
effect of LXR agonists.
In conclusion, our findings indicate that increased stearate

via the induction of de novo lipogenesis promotes mineraliza-
tion of CVCs under pro-osteogenic conditions such as high
phosphate levels andLXR activation. As indicated in Fig. 9C, we
propose that the direct LXR and SREBP-1c-dependent path-
ways induce lipogenic gene expression in CVCs. The induced
lipogenic pathway leads to an increase in stearate level in CVCs.
The stearate-CoA or its metabolite(s) mediates the pro-calcific
effect of LXR. LXR activation can also induce SCD1 to convert
stearate to oleate. This is a protective pathway for stearate-
induced mineralization. On the other hand, FXR activation

reduces lipogenic gene expression by inhibiting SREBP-1c
though SHP (small heterodimer partner) induction. The
depressed lipogenic pathway reduces stearate levels which
results in the inhibition of CVC mineralization (Fig. 9C, right).
Because LXR activation attenuates atherosclerosis, it would
ameliorate atherosclerotic intimal calcification. However, LXR
activation could exert adverse effects on medial calcification
frequently found in patients with chronic kidney disease.
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